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Abstract
The nontraditional electrochemical machining offers no tool wear, no burr, and no residual stress on a 
machined surface. Utilization of this process, however, is limited to special applications due to its low 
material removal rate. This paper describes how hybrid techniques can be applied to enhance the 
process. Teflon coated stainless steel tubes are used as electrodes to produce holes on 1018 steel and 
high-strength-low-alloy Domex 550MC steel. The study investigates material removal rate when 
coupling mechanical vibration below 50Hz and 25 µm amplitude with pulse current up to 100 Hz. 
Comparable material removal rates were obtained for both steels. The hybrid process using insulated 
electrode reduced stray current, increased current density, produced sharper hole profile while 
requiring about 50% less energy for the same material removal rate.
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1 Introduction
Electrochemical machining (ECM) is a non-contact, controlled atomic level anodic dissolution process. 
The process is used to shape an anodic workpiece by moving a cathodic electrode (tool) at a controlled 
feed rate and motion. An electrolyte flows between the electrode to maintain the temperature and 
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flushing the dissolved debris. The process removes practically all conductive materials regardless of 
its hardness or strength. With some modification, the process can be modified to become 
electrochemical polishing or electrochemical grinding. The main advantages of the ECM process, 
however, are offset by (i) the challenge of dimensional control and process stability resulting from the 
complex and stochastic nature of the inter-electrode gap, (ii) the relatively low material removal rate 
(MRR) unless having a low voltage yet very high current power supply. Since the MRR depends on 
the ion transport mechanisms between the electrodes, effective techniques to create more ions from 
anode and flushing the byproducts quickly are sought. The objective of this research is to develop a 
hybrid system that utilizes mechanical vibration and pulse current to enhance the process. 
2 Literature Review
In subtractive process, the productivity is measured quantitatively as MRR. Common practice for 
ECM is to measure the removed volume or weight loss within a specific time. Based on the classical 
Faraday's law for electrochemical reaction, the MRR for electrochemical machining can be shown to 
be (McGeough, 1974):
ܯܴܴ = ܸ
ݐ
= ൬ ܯ
ݖܨ݀
൰
ܧܣ
݃ݎ
= ܥ ܧܣ
݃ݎ
                                                                              (1)
Where
V: removed volume M: molecular mass of anodic workpiece
d: workpiece density E: applied voltage
A: electrode area g: inter-electrode gap
r: resistivity of electrolyte C: specific removal rate of workpiece
To improve the material removal in electrochemical machining process, numerous techniques are 
proposed. Rajurkar et al. (1993, 1995) investigated the pulse ECM characteristics by studying the 
movement of the bubble-mixed electrolyte layer in the inter-electrode gap. They found that both 
current density and the on-time pulse had significant effects on the effective volumetric 
electrochemical equivalent, and short pulses (high frequency) were preferable for the enhancement in 
the localization of the anodic dissolution, which also led to significant improvement in dimension 
accuracy. The author also pointed out that electrolyte flow paths, electrolyte velocity, and pulse 
on-time were important to reduce the variation in the anodic removal rate.
Equation (1) indicates that voltage or current has significant influence on the MRR as confirmed 
experimentally by numerous researchers (Wang and Zhu, 2008; Munda et al., 2007; Ebeid et al., 2004; 
Senthilkumar et al., 2013; Maity and Verma, 2014; Munda and Bhattacharyya, 2008). In addition to 
the current amplitude, the frequency and duty cycle of a pulse current also have significant influence 
in ECM. Munda et al. (2007, 2008) applied pulse current of 35-55 Hz, and set the pulse on/off ratio
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within one pulse cycle to be 0.5-2.5. They reported that increasing the pulse on/off ratio at 35 Hz
would initially increase the MRR since actual machining time would increase. However, MRR
decreased with further increase in pulse on/off ratio due to less off-time since reaction byproducts
cannot be completely flushed away from the reaction zone, therefore hinder further electrochemical 
reaction. The same trend was also found by other researchers (Kim et al., 2005).
To enhance flushing rate in ECM, mechanical vibration was applied to improve flushing of 
debris while refreshing the anode surface with new electrolyte. During the on-time, the electrode 
would move towards a workpiece and remove the materials as metallic ions; during the off-time the 
cathode would move away from the workpiece surface to increase the electrode gap, therefore, 
facilitate flushing and enhance the ion forming rate at anode. Synchronization of mechanical vibration 
with pulse current frequency, and the vibration amplitude are two fundamental parameters of the 
vibration assisted electrochemical machining. Bhattacharyya et al. (2007) pointed out that (i) the 
benefit would gain from low frequency vibration rather than high frequency vibration, (ii) the MRR 
would increase with an increase in tool vibration frequency at every value of machining voltage. Liu et 
al. (2013) applied vibration to ECM stainless steel in another study and found that at low vibration 
frequency of 50 Hz, the MRR increased with increasing of vibration amplitude. But at high vibration 
frequency of 300 Hz, vibration amplitude had no effect on the MRR. When vibration amplitude was 
fixed, the MRR initially increased then decreased when increasing vibration frequency. They
concluded that (i) the amplitude range of 3-14 µm and frequency range 50-200 Hz had the most 
impact, and (ii) the maximum MRR was 0.0388 mg/min when applying vibration at 50 Hz frequency 
and 12-µm vibration amplitude.
Increasing feed rate would improve MRR. However, if the feed rate is faster than the rate of 
anodic ionization and flushing rate of ions, then short circuit and detrimental sparks would occur. 
Similarly, sparking might occur when the vibration amplitude is too large during the active on-time. A 
low voltage and high current source would minimize the sparking issue.
Some researchers coat a non-conductive layer on electrode circumference to increase current 
density in the frontal area and reduce the stray current. Coating involves technical challenges such as 
choosing the appropriate coating material that strongly adheres to the substrate, is nonconductive, 
robust, and uniformly thin with minimum porosity while having superior chemical and thermal 
resistance. Conductive ECM electrodes had been successfully coated with polyethylene terephthalate 
(PET) powder by electrostatic spraying (Wang et al., 2010), synthetic material (Munda et al., 2007), 
Parylene by vapor deposition polymerization under vacuum, (Liu et al., 2013), epoxy resin (Ebeid et 
al., 2004), and silicon nitride/silicon carbide (Bhattacharyya and Munda, 2003).
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3 Experiments
This research aims to develop a laboratory ECM system that combines mechanical vibration and pulse
current to enhance removal rate of high strength steel. Through electrode flushing with uncoated and 
coated electrodes is applied and parameters are optimized to enhance the process.
Figure 1. Laboratory ECM system
The components of the horizontal ECM system (Figure 3) include:
1) Labworks ET-132-2 vibrator
2) Bearing housing
3) Linear bearing
4) Stainless steel shaft
5) ECM cell with flash guard housing 
6) 3-axis Velmex positioner
7) Granite table
8) Used-electrolyte container
9) Used-electrolyte tube
10) Longer WT600-2J peristaltic pump
11) Positive electric wire (to workpiece)
12) Everlast 255EXT power supply
13) Negative electric wire (to electrode)
14) Fresh-electrolyte tube
15) Longer WT600-2J peristaltic pump
16) Fresh-electrolyte container
17) Shaft coupling
18) Electrode holder
x The Labworks vibrating system uses the Agilent 33250A waveform generator to power the 
Labworks PA-151 linear power amplifier that controls the Labworks ET-132-2 electrodynamic 
shaker. 
x The computer controlled positioner includes two Velmex motorized Xslide frame, a rotary plate 
and a VXM-3 controller system. The system has a load capacity of 15.9kg horizontally and 4.5kg 
vertically with straight-line accuracy of 0.076mm/25cm, feed rate 2.5-5000 µm/s, and
repeatability of 0.00025mm.
x The Longer WT600-2J peristaltic pump with KZ25 pump head delivers up to 5000 ml/min either 
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manually or by external remote control.
x The digital EVERLAST 255 EXT DC power supply provides either DC or pulse DC of 3-150A 
up to 500 Hz.
Stainless steel tubes (ø9.5mm OD, 0.3mm thick) were selected. About 20 mm ends were coated with 
Teflon both outside and inside. The coated ends were carefully sanded off using 600-grit abrasive 
paper to make it conductive. Rectangular workpieces (50x60x3.5mm thick) were machined for ECM 
experiment. The 6061-T6 aluminum was used for verifying purpose, and actual work were performed 
on both 1018 steel and high strength Domex 550MC steel (Table 1)
Fresh potassium bromide (KBr, 1 mol/L) solution was used for each experiment. The solution 
concentration was monitored with the Hanna 8734 conductivity meter to be 118-123 mS/cm, while its 
temperature was monitored with the Omega HH374 thermometer. Response Surface Methodology was 
utilized to study the effect of variables on ECM results, and a second-order polynomial response 
surface model was developed to evaluate the parametric effects. Table 3 lists the inputs for a central 
composite rotatable half design. Each condition was repeated twice for repeatability evaluation.
To begin an ECM operation, an electrode was positioned perpendicular to and 0.3 mm away from 
the workpiece surface. After pumping electrolyte and switching on the power, the electrode was 
programmed to move 2.5 mm horizontally into the workpiece surface at predetermined feed rate 
(Table 3).  The material removal rate was calculated with the removed volume and machining time. 
Pressurized wax was injected to mold an ECM’ed cavity using the ARBE system. After solidification, 
the molded wax was removed and its weight was measured using the A&G GR120 analytical balance 
with 0.1 mg resolution. The actual volume was then compensated for wax shrinkage upon 
solidification. To find the wax shrinkage factor, four holes were first drilled into a ground plate, then 
their diameters were measured using the Mitutoyo QS-E2010B vision system and the plate thickness 
was measured with a micrometer. Volumes of drilled holes were calculated and compared with molded 
volume of wax to find the average wax shrinkage factor. Experimental data were analyzed using 
Minitab software.
 
Materials Weight % 
Aluminum 6061-T6: 96.7 Al, 0.6 Si, 1.0 Mg, 0.2 Cr, 0.15 Mn, 0.15 Ti, 0.27 Cu, 0.25 Zn, 0.7 Fe 
Domex 550MC steel: 97.5 Fe, 1.80 Mn, 0.12 C, 0.1 Si, 0.15 Ti, 0.2 V
1018 steel: 98.8-99.3 Fe, 0.14-0.2 C, 0.6-0.9 Mn
Table 1: Chemical compositions of tested materials (ASM; SSAB)
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Properties 6061-T6 Domex 550MC 1018 steel
Density (g/cm3) 2.7 8.13 7.87
Hardness (Brinell) 95 550 126
Melting temperature (°C) 582-652 1520 1450-1510
Shear strength (MPa) 207 371 330
Tensile strength (MPa) 300 660 440
Specific heat (J/g/°C) 0.876 0.434 0.486
*Thermal conductivity (W/m°K) 177 41 53.6
*Thermal diffusivity (mm2/s) 73 11.6 14.7
** Electrical UHVLVWLYLW\ȍP 4.066x10-8 17x10-8 15.9x10-8
Table 2: Relevant physical and mechanical properties (ASM; SSAB; Ahmad, 2011)
*Estimated values from similar alloys (Kothandaraman and Subramanyan, 2013)
** Estimated values from similar alloys (www.nde-ed.org)
Electrode Variables -2 -1 0 1 2
Stainless steel
Vibration Frequency (Hz) ݔଵ 10 20 30 40 50
Vibration Amplitude (µm) ݔଶ 5 10 15 20 25
Peak Current (A) ݔଷ 20 25 30 35 40
Current Frequency (Hz) ݔସ 20 40 60 80 100
Feed Rate (µm/s) ݔହ 10 12.5 15 17.5 20
Teflon coated 
stainless steel
Vibration Frequency (Hz) ݔԢଵ 10 20 30 40 50
Vibration Amplitude (µm) ݔԢଶ 5 10 15 20 25
Peak Current (A) ݔԢଷ 20 22 24 26 28
Current Frequency (Hz) ݔԢସ 20 40 60 80 100
Feed Rate (µm/s) ݔԢହ 7.5 10 12.5 15 17.5
Table 3. List of input variables
4 Results and Discussions
4.1 Calibration results
The wax shrinkage factor was calculated to be 10.9%. Details are tabulated in Table 4. The 
vibration table was also calibrated. Its vibration amplitude was uniformed when measured using a 
laser displacement sensor (Keyence LG-82) at different corners of the oscillating table. Higher 
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vibration frequency reduces the system’s peak-to-peak amplitude (Figure 2). Flowrate of the Longer 
WT600-2J peristaltic pump was also calibrated by measuring the required time to fill a predetermined 
volume (Figure 3).
Diameter
(mm)
Thickness
(mm)
Volume
௔ܸ௖௧௨௔௟
(mm3)
Wax mass
(g)
Wax
density
(mg/mm3)
Wax 
Volume
(mm3)
Shrinkage
(%)
1 10.2823 3.1443 261.0883
0.2246
0.97
231.55 11.3149
0.2313 238.45 8.6694
0.2305 237.63 8.9853
2 12.2904 3.1443 373.0259
0.3237
0.97
333.71 10.5394
0.3178 327.63 12.1699
0.3293 339.48 8.9917
3 14.3017 3.1443 505.1057
0.4552
0.97
469.28 7.0930
0.4333 446.70 11.5629
0.4425 456.19 9.6851
4 16.3541 6.2195 1306.4676
1.0972
0.97
1131.13 13.4204
1.0793 1112.68 14.8329
1.0915 1125.26 13.8702
Table 4. Volumetric wax shrinkage
Figure 2. Calibration of the Labworks 
vibrating system.
Figure 3. Calibration of the Longer 
WT600-2J peristaltic pump flowing rate.
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4.2 Effect of material compositions
In addition to 6061-T6 aluminum alloy, both the Domex 550MC high strength low alloy steel and the 
1018 plain carbon steel were selected for this study. Tables 5-6 list and compare the specific removal 
rate C by of each element. The cumulative specific removal rate for an alloy is calculated by 
combining the weighted averages Ci wi of all elements:
ܥ஽௢௠௘௫ =෍ܥ௜ ×ݓ௜
௡
௜ୀଵ
= 3.63 × 10ିଶ ݉݉
ଷ
ܣݏ
                                          (2) 
ܥଵ଴ଵ଼ =෍ܥ௜ ×ݓ௜
௡
௜ୀଵ
= 3.67 × 10ିଶ ݉݉
ଷ
ܣݏ
                                             (3) 
Although the Domex 550MC steel is much harder and stronger than the plain carbon steel 1018, both 
steels would have similar MRR in ECM since their respective cumulative C's are almost identical. 
Using 1018 steel, therefore, would be more cost effective for optimizing of the ECM process.
Element
Atomic weight
(g/mole)
Wt% Valency
Density
(g/cm3)
Specific removal rate
(mm3/A/s)
Fe 55.85 97.49 2 7.87 0.0370
C 12 0.12 4 2.25 0.0139
Si 28 0.10 4 2.33 0.0313
Mn 7.44 1.80 2 7.44 0.0052
P 30.97 0.025 5 1.82 0.0355
S 32.06 0.01 2 2.07 0.0807
Al 26.98 0.015 3 2.7 0.0347
Nb 92.91 0.09 5 8.57 0.0226
V 50.94 0.2 5 6.1 0.0174
Ti 47.88 0.15 4 4.51 0.0276
Table 5. Volumetric removal rates of elements in Domex 550MC Steel (Feng et al., 2015)
Element
Atomic Weight
(g/mole)
Wt% Valency
Density
(g/cm3)
Specific removal rate
(mm3/A/s)
Fe 55.85 99.04 2 7.87 0.0370
C 12 0.17 4 2.25 0.0139
Mn 7.44 0.75 2 7.44 0.0052
P 30.97 0.025 5 1.82 0.0355
S 32.06 0.015 2 2.07 0.0807
Table 6. Volumetric removal rates of elements in 1018 steel.
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4.3 Response-Surface results
Table 7 lists the results of calculated MRR. The suffix "C" and "UC" denoted respective results 
obtained with either coated or uncoated electrodes.
# x1 x2 x3 x4 x5
Mass wax_C
(g)
MRR_C
(mm3/min)
Mass wax_UC 
(g)
MRR_UC
(mm3/min)
1 -1 -1 -1 -1 1 0.0784 0.0792 32.8334 0.0778 0.0762 37.4306
2 1 -1 -1 -1 -1 0.1171 0.1186 32.7361 0.1038 0.1003 35.4341
3 -1 1 -1 -1 -1 0.1174 0.1650 39.2223 0.0979 0.0981 34.0278
4 1 1 -1 -1 1 0.0779 0.0768 32.2292 0.0725 0.0743 35.6806
5 -1 -1 1 -1 -1 0.1292 0.1281 35.7361 0.1250 0.124 43.3334
6 1 -1 1 -1 1 0.0873 0.0872 36.3542 0.0940 0.0908 44.9167
7 -1 1 1 -1 1 0.0882 0.0884 36.7917 0.0873 0.0851 41.9028
8 1 1 1 -1 -1 0.1239 0.1225 34.2222 0.1116 0.1103 38.5243
9 -1 -1 -1 1 -1 0.1231 0.1197 33.7222 0.1056 0.1059 36.7188
10 1 -1 -1 1 1 0.0808 0.0785 33.1875 0.0838 0.0751 38.6216
11 -1 1 -1 1 1 0.0812 0.0800 33.5834 0.0774 0.0762 37.3334
12 1 1 -1 1 -1 0.1174 0.1176 32.6389 0.0978 0.0988 34.1320
13 -1 -1 1 1 1 0.0889 0.0888 37.0209 0.0892 0.0868 42.7778
14 1 -1 1 1 -1 0.1304 0.1284 35.9445 0.1253 0.1216 42.8646
15 -1 1 1 1 -1 0.1316 0.1317 36.5695 0.1179 0.1224 41.7188
16 1 1 1 1 1 0.0861 0.0897 36.6250 0.0856 0.0843 41.2952
17 -2 0 0 0 0 0.1029 0.1013 35.4514 0.0998 0.0986 41.3334
18 2 0 0 0 0 0.0961 0.0976 33.6285 0.0913 0.0926 38.3125
19 0 -2 0 0 0 0.0977 0.1006 34.4271 0.0958 0.0970 40.1667
20 0 2 0 0 0 0.1011 0.1000 34.9132 0.0970 0.0943 39.8542
21 0 0 -2 0 0 0.0926 0.0792 29.8264 0.0779 0.0749 31.8334
22 0 0 2 0 0 0.1135 0.1121 39.1667 0.1112 0.1113 46.3542
23 0 0 0 -2 0 0.0975 0.0988 34.0799 0.0918 0.0915 38.1875
24 0 0 0 2 0 0.1013 0.0.1014 35.1910 0.0986 0.0972 40.7917
25 0 0 0 0 -2 0.1609 0.1623 33.6667 0.1391 0.1357 38.1667
26 0 0 0 0 2 0.0714 0.0716 34.7570 0.0752 0.0772 40.9445
27 0 0 0 0 0 0.1017 0.1018 35.3299 0.0990 0.0940 40.2084
28 0 0 0 0 0 0.1022 0.1014 35.3472 0.0939 0.0960 39.5625
29 0 0 0 0 0 0.0997 0.0963 34.0278 0.0924 0.0920 38.4167
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30 0 0 0 0 0 0.1009 0.1020 35.2257 0.0966 0.0965 40.2292
31 0 0 0 0 0 0.1022 0.1024 35.5209 0.0941 0.0959 39.5834
32 0 0 0 0 0 0.1024 0.0998 35.1042 0.0958 0.0967 40.1042
Table 7. Central composite rotatable half design: parameters and results
The MRR response for coated electrode is presented in equation (4). The simplified model is shown in 
equation (4’) after dropping several terms with small coefficients.
ܯܴܴ_ܥ = 34.984െ 0.633ݔଵ + 0.222ݔଶ + 1.575ݔଷ + 0.058ݔସ + 0.001ݔହ
െ0.029ݔଵଶ + 0.003ݔଶଶ െ 0.040ݔଷଶ െ 0.006ݔସଶ െ 0.111ݔହଶ
െ0.585ݔଵݔଶ + 0.350ݔଵݔଷ + 0.409ݔଵݔସ + 0.492ݔଵݔହ െ 0.378ݔଶݔଷ
െ0.329ݔଶݔସ െ 0.293ݔଶݔହ + 0.434ݔଷݔସ + 0.675ݔଷݔହ + 0.328ݔସݔହ (4)
ܯܴܴ_ܥ ൎ 34.984െ 0.633ݔଵ + 0.222ݔଶ + 1.575ݔଷ െ 0.029ݔଵଶ െ 0.111ݔହଶ
െ0.585ݔଵݔଶ + 0.350ݔଵݔଷ + 0.409ݔଵݔସ + 0.492ݔଵݔହ െ 0.378ݔଶݔଷ
െ0.329ݔଶݔସ െ 0.293ݔଶݔହ + 0.434ݔଷݔସ + 0.675ݔଷݔହ + 0.328ݔସݔହ (4’)
Similarly, the model for MRR using uncoated electrode is equation (5), and the simpler version is 
shown in equation (5’).
ܯܴܴ_ܷܥ = 39.757െ 0.409ݔଵ െ 0.754ݔଶ + 3.208ݔଷ + 0.393ݔସ + 0.782ݔହ
െ0.038ݔଵଶ + 0.008ݔଶଶ െ 0.221ݔଷଶ െ 0.122ݔସଶ െ 0.105ݔହଶ
െ0.433ݔଵݔଶ െ 0.031ݔଵݔଷ + 0.031ݔଵݔସ + 0.370ݔଵݔହ െ 0.214ݔଶݔଷ
+0.280ݔଶݔସ + 0.151ݔଶݔହ െ 0.266ݔଷݔସ െ 0.269ݔଷݔହ െ 0.251ݔସݔହ (5)
ܯܴܴ_ܷܥ ൎ 39.757െ 0.409ݔଵ െ 0.754ݔଶ + 3.208ݔଷ + 0.393ݔସ + 0.782ݔହ
െ0.221ݔଷଶ െ 0.122ݔସଶ െ 0.105ݔହଶ
െ0.433ݔଵݔଶ + 0.031ݔଵݔସ + 0.370ݔଵݔହ െ 0.214ݔଶݔଷ
+0.280ݔଶݔସ + 0.151ݔଶݔହ െ 0.266ݔଷݔସ െ 0.269ݔଷݔହ െ 0.251ݔସݔହ (5’)
A coated electrode reduced stray current and produced a sharper hole profile (Figure 4); however, the 
significantly reduced effective electrode area increased current density and promoted sparking
between the electrode end and the workpiece as in electrical discharge machining. A lower current was 
applied when using coated electrodes.
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(a) (b) (c) (d)
Figure 4. Hole profiles after ECM’ed 1018 steel with uncoated electrode (a, b) and coated electrode (c,
d).
4.4 Effect of feed rate
Figures 5 and 6 show the effect of electrode feed rate on the MRR for both uncoated and coated 
electrodes. As expected, the MRR increases with increasing feed rate. An increasing of feed rate leads 
to decreasing machining time when the fixed travel distance of electrode is maintained, therefore, 
enhancing the MRR. In addition, coated electrode is more efficient than bare electrode in ECM: MRR 
of ~40 mm3/min was achieved with a coated electrode operating at 14 µm/s feed and 25A peak current 
(Figure 6), but the similar feed and peak current give only 35 mm3/min when using an uncoated
electrode (Figure 5). This benefit is realized even with lower vibration amplitude (5 µm instead of 15
µm) and higher pulse frequency (80 Hz instead of 60 Hz).
Figure 5. Effect of feed rate and peak current 
on MRR. Uncoated electrode, vibration at 50
Hz, 15-ȝP pp, pulse frequency 60 Hz.
Figure 6. Effect of feed rate and peak current on 
MRR. Coated electrode, vibration at 50 Hz, 5- ȝP
pp, pulse frequency 80 Hz.
5 mm 5 mm 5 mm
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4.5 Effect of pulse current and electrode insulating
Figure 7 and 8 show the trend of MRR when ECM using DC current (0 Hz), and pulse current (at 60
Hz and 100 Hz at 50% duty cycle). To get the same average current, the peak currents were set at 13A
for DC and 25A for pulse DC. A pulse current allows additional time for flushing debris, pumping 
fresh electrolyte to the anodic workpiece surface, while reducing the temperature of the electrolyte 
bath. Increasing of MRR for coated and uncoated electrodes shows the effectiveness of using pulse
current over DC current in ECM.
 
Figure 7. MMR _UC for DC and pulse DC current. 
Uncoated electrode, vibration at 40Hz, ȝP pp,
feed ȝPV average current 13A. 
 
Figure 8. MRR_C for DC and pulse DC 
current. Coated electrode, vibration at 20Hz, 
5ȝP pp, feed 17.5ȝPV average current 13A. 
Pulse current affects the ion transport mechanism between anode and cathode. In ECM, metallic ions 
are first formed by an anodic reaction, and then move toward the cathode to react with acceptors. The 
acceptors could be (i) chemical compounds in the electrolyte to combine with metal ions to form 
complex species, or (ii) electrons at cathode to combine with metal ions to form a metallic plating 
layer. A current pulse forms metallic ions during the on-time, and allows the ions to diffuse away from 
the anode surface to react with acceptors during the off-time. An ideal process would be such that the 
rate of ion forming is exactly the same rate of ion-acceptor combining rate, and the removal rate of the 
resulted byproducts.
Electrodes coated with thin Teflon insulator produce sharper hole profile and smaller over cut 
(Figure 4). The anodic dissolution reaction is concentrated at the electrode end rather than around the 
end and wider overcut around the circumference of an uncoated electrode due to stray current of a 
wider electrical field. The electrolyte flow rate in a narrower gap between coated electrode and anodic 
workpiece, therefore, is higher and enhance the ion transport mechanism.
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(a) (b)
Figure 9. Effect of peak current and pulse current frequency on MRR_UC.
Uncoated electrode, vibration at 50 Hz, 25 ȝPpp, feed 10 ȝPV
(a) (b)
Figure 10. Effect of peak current and pulse current frequency on MRR_C.
Coated electrode, vibration at 50 +]ȝPpp, feed 17.5 ȝPV
Figures 9 and 10 show the effect of peak current and pulse current frequency on MRR for 
uncoated and coated electrodes, respectively. As expected, both the MRR_C and MMR_UC increase 
with higher peak current due to higher metallic ion forming rate. The ion-acceptor combining rate, 
however, is limited at high pulse frequency (short off-time) and a less electrolyte flow rate in the 
larger gap between the uncoated electrode and its surrounding anode. The MRR-UC is saturated at 
high current and high pulse frequency as shown by the lower slopes at higher pulse current (Fig. 9b). 
On the contrary, the coated electrode reduces exposing area of the electrode at its inner and outer 
circumferences while increasing current density at its tip. The electrolyte flow rate, being higher in 
front of and between anode and cathode, effectively provide fresh acceptors to form complex species 
and flush them away. The effectiveness of coated electrode is demonstrated with the high slope of 
MMR_C at high pulse current and pulse frequency. Comparable MMR can be obtained with a coated 
electrode at nearby 50% lower pulse current to minimize arcing while reducing temperature of the 
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electrolyte. The similar MRR value ~40 mm3/min can be achieved by ~22A, 100 Hz pulse frequency 
using coated electrodes, but it would need ~40A, 100 Hz pulse frequency for uncoated electrodes. The 
mechanical vibration assisted ECM is 50 Hz, 5µm peak-to-peak amplitude when using coated 
electrode, but it would need 50 Hz, 25µm peak-to-peak amplitude for comparable MRR results.
4.6 Effect of mechanical vibration
The objective of vibration assisted ECM is to enhance flushing of metallic complex species and 
improve the acceptor replenishing rate. Since it is a technical challenge to synchronize the mechanical 
vibration frequency and pulse current frequency, most researchers apply the vibration without 
synchronization. Figures 11-14 show advantages of using coated electrodes to achieve similar MRR 
using lower electrical energy and mechanical vibration energy, the figures also show similar trends for 
both coated and uncoated electrodes: 
Figure 11. Influence of peak current and tool 
vibration frequency on MRR_UC. Uncoated
electrode, vibration at 5 ȝP pp, pulse frequency 
60 Hz, feed 20 ȝPV. 
Figure 12 Influence of peak current and tool 
vibration frequency on MRR_C. Coated electrode,
vibration at 5 ȝP pp, pulse frequency 60 Hz, feed 
17.5 ȝPV.
x The MRR increases with peak current at all tested vibration frequencies 10-50 Hz. This 
agrees with the conclusion by Bhattacharyya et al. (2007).
x A combination of high vibration frequency and low vibration amplitude (50 Hz and 5 µm
peak-peak) allows a higher MRR than at low vibration frequency and high vibration 
amplitude (10 Hz and 25 µm peak-to-peak). This, however, conflicts with the results by Liu 
et al. (2013) stating that the MRR would increase with vibration amplitude at 50 Hz 
vibration.
x Unusually low MRR’s are obtained at either low frequency at short vibration amplitude or 
Experimental Investigation of Vibration-Assisted Pulsed ECM Feng et al.
811
high frequency at large vibration amplitude. The low frequency at short vibration amplitude 
condition (10 Hz and 5 µm peak-to-peak) does not significantly improve the acceptor rate, 
while the high frequency at high vibration amplitude (50 Hz at 25 µm peak-to-peak) might 
generate turbulence in the flow that interferes with the ion-acceptor combining rate. Bubble 
forming that intervenes with ion transport mechanism was also proposed by Liu et al. (2013). 
 
Figure 13. MRR_UC vs. vibration. Uncoated 
electrode, peak current 40 A, pulse frequency
100 Hz, feed 20 ȝPV. 
 
Figure 14. MRR_C vs. vibration. Coated electrode, 
peak current 24 A, pulse frequency 100 Hz, feed 
12.5 ȝPV. 
5 Conclusions and Recommendation
Electrochemical machining (ECM) of plain carbon steel and high strength low alloy steel was studied. 
The developed ECM system featured horizontal movement using Teflon coated tubular electrodes with 
pulse current and integrated mechanical vibration. Statistical models based on Response Surface 
Methodology were used to understand the effect of ECM parameters, electrode coating, and vibration 
variables. It was shown that:
1) The material removal rate (MRR) of plain carbon 1018 steel was comparable with that of the 
expensive high strength low alloy Domex 550MC steel. 
2) Improving MRR requires maximum rate of ion formation on workpiece surface, diffusion 
rate to the ions away from the anodic surface, combining rate of ions and acceptors that form 
metallic species, and the replenishing rate of acceptors to the electrode gap. 
3) Pulse current provided necessary off-time during which the fresh electrolyte can bring in 
acceptors for ion-acceptor reaction, and flushing away the by-products.
4) Coated electrode improved MRR by effectively replenishing of acceptors from fresh 
electrolyte while flushing away the complex metallic species through a narrow electrode gap. 
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It also produced a shaper hole profile due to higher current density, but was limited due to 
sparking when using at high current and high voltage. Although the MRR was improved with 
an uncoated electrode, ECM at high pulse frequency, therefore shorter off-time, reduced the 
flushing rate and limited the MRR.
5) Vibration workpiece at 50 Hz and 5µm peak-to-peak amplitude during ECM produced the 
most MRR for both coated and uncoated electrodes at any pulse current.
Future study would focus on utilizing a suitable power supply for high current and low voltage to 
minimize detrimental sparking between coated electrode and a workpiece. The current study 
utilized 50% duty cycle of the pulse current, but future work would explore the effectiveness of 
increasing the duty cycle to improve the material removal rate and part quality.
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